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ABSTRACT: Background: Although deep brain stimu-
lation of the globus pallidus internus (GPi-DBS) is an esta-
blished treatment for many forms of dystonia, including
generalized as well as focal forms, its effects on brain (dys-
)function remain to be elucidated, particularly for focal and
segmental dystonia. Clinical response to GPi-DBS typically
comes with some delay and lasts up to several days,
sometimes even weeks, once stimulation is discontinued.
Objective: This study investigated howneural activity during
restandmotoractivation isaffectedbyGPi-DBSwhileexclud-
ing the potential confound of altered feedback as a result of
therapy-induceddifferences indystonicmusclecontractions.
Methods: Two groups of patients with focal or segmental
dystonia were included in the study: 6 patients with GPi-
DBS and 8 without DBS (control group). All 14 patients
had cervical dystonia. Using H2
15O PET, regional cerebral
blood flow was measured at rest and during a motor task
performed with a nondystonic hand.
Results: In patients with GPi-DBS (stimulation ON and
OFF), activity at rest was reduced in a prefrontal network,
and during the motor task, sensorimotor cortex activity
was lower than in patients without DBS. Within-group
contrasts (tapping > rest) showed less extensive task-
induced motor network activation in GPi-DBS patients
than in non-DBS controls. Reduced sensorimotor activa-
tion amounted to a significant group-by-task interaction
only in the stimulation ON state.
Conclusions: These findings support previous observa-
tions in generalized dystonia that suggested that GPi-DBS
normalizes dystonia-associated sensorimotor and prefron-
tal hyperactivity, indicating similar mechanisms in general-
ized and focal or segmental dystonia. Evidence is provided
that these effects extend into the OFF state, which was not
previously demonstrated by neuroimaging. © 2020 The
Authors. Movement Disorders published by Wiley Periodi-
cals, Inc. on behalf of International Parkinson and Move-
ment Disorder Society.
Key Words: GPi-DBS; dystonia; H215O PET; botulinum
toxin
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Deep brain stimulation (DBS) of the bilateral internal
pallidum (globus pallidus internus [GPi]) has been
established as an effective therapy for generalized and
segmental, idiopathic, genetic, or acquired dystonia,1-4
with sustained efficacy documented for up to
10 years.5,6 Focal dystonias can be treated with GPi-
DBS when botulinum toxin (BTX) treatment is unsuc-
cessful or infeasible.7-9
Dystonia is considered to be a system disorder caused
by large-scale network dysfunction in cortico-subcortical
circuits,10-14 which can arise from various pathophysio-
logical pathways.15,16 Functional neuroimaging studies
report alterations—predominantly increased activity—in
brain regions directly and indirectly related to motor
control. For example, studies of regional cerebral blood
flow (rCBF) indicated hyperactivity in primary sensori-
motor cortices (SMC; M1 and S1), premotor and sup-
plementary motor areas (SMA), as well as the
cerebellum in patients with genetically determined,17
idiopathic,18,19 task-specific,20 and acquired3 dystonia.
A meta-analysis found that task-related activation was
increased in M1, S1, and the inferior parietal cortex
(IPC) and decreased in the (pre-)SMA and subcortical
motor regions in idiopathic dystonia.21
Sensorimotor integration and higher order motor plan-
ning play essential roles in the pathophysiology of
dystonia,10,22 with neuroimaging correlates such as hyper-
activity in S1,23,24 the IPC,17,21,25,26 and the anterior cin-
gulate (ACC) and dorsolateral prefrontal (DLPFC)
cortices in generalized idiopathic,18 genetic,17,25 acquired,3
and focal dystonia.26,27
Sensorimotor hyperactivity has also been described
in relation to body parts that are unaffected by dysto-
nia15,28,29 as well as in unaffected relatives of patients with
genetically determined dystonia,30,31 suggesting the pres-
ence of a subclinical endophenotype, that is, a general loss
of inhibition as a predisposition for the development of
dystonic symptoms.16,32 In contrast to hyperactivity
related to dystonic movements, which may partially be
secondary to abnormal sensorimotor feedback, these are
more direct correlates of the underlying pathology. Study-
ing unaffected body parts may, therefore, provide essential
insights about primary changes in dystonia-related brain
activity.15,33
To date, the mechanisms of action of GPi-DBS in dys-
tonia remain elusive. The full clinical benefit is typically
reached only after several months and is accompanied
by neurophysiological changes in the primary motor cor-
tex.34 In parallel with an improvement of dystonic symp-
toms, GPi-DBS reduces preoperatively increased motor
cortical excitability and synaptic plasticity to physiologi-
cal levels.35 After years of effective stimulation, the clini-
cal effects may last for days or weeks after stimulation is
discontinued.36 These findings imply a gradual reorgani-
zation process induced by GPi-DBS that corrects imbal-
ances in sensorimotor circuits.10
A handful of studies examined the effect of GPi-DBS
on rCBF in generalized idiopathic25,37,38 and acquired
dystonia.3,4 They reported reduced resting activity3,4,25,38
and task activation3,37 in M1, the SMA, and/or the ACC.
Activation of the DLPFC and other prefrontal regions
was found to be decreased during the performance of
motor tasks.3,25,37 A pilot study of GPi-DBS in cervical
dystonia mentioned in a review11 reported similar find-
ings, but the details were not published. In previous stud-
ies, the OFF state was considered to represent an absence
of DBS, and if a motor task was performed, usually a
dystonic hand was used.
The first-line treatment for focal dystonia is peripheral
denervation of dystonic muscles using BTX. Its effects on
brain activity have been studied with varying results:
motor network activation was either decreased,39
increased,40 or unchanged,41 while prefrontal regions
were not affected.
The current study investigated the effect of chronic
GPi-DBS on brain activity in focal and segmental dysto-
nia. In contrast to previous studies, a matched control
group of dystonic patients without DBS was included.
The hand performing the motor task was not affected by
dystonia, and the time since DBS surgery was consider-
ably longer than previously reported. We hypothesized
that in dystonia patients treated with GPi-DBS, rCBF
would be reduced in primary sensorimotor and prefron-
tal cortices, as a reduction of hyperactivity in M1, the
DLPFC, and the ACC was previously observed in GPi-
DBS, but not after BTX.
Methods
Participants
A total of 14 patients with primary focal or segmental
dystonia (6 with GPi-DBS, 8 without DBS treated with
BTX [control group]) were recruited from the Depart-
ments of Neurology at the University Hospitals of
Cologne and Düsseldorf. Group characteristics were ana-
lyzed in SPSS 24 (IBM Corporation, Armonk, NY). The
mean time since DBS surgery was 21.8  13.2 months,
and the surgery had been performed at University Hospi-
tal of Cologne (n = 4) or University Hospital of
Düsseldorf (n = 2). The DBS patients did not receive any
BTX injections, and none of the patients (DBS and BTX)
were treated with additional antidystonic medication.
BTX patients were examined under effective BTX ther-
apy between 2 weeks and 2 months since the last injec-
tion.42 The groups did not differ significantly in terms of
demographics, distribution of dystonic symptoms, or
patient history; individual patient information is listed in
Table 1. All of the patients with hand dystonia had
writer’s cramp only affecting the dominant (right) hand.
Formal assessments were only available for DBS patients,
where the Burke-Fahn-Marsden Dystonia Rating Scale
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was performed before and after surgery. None of the
patients showed signs of neurological comorbidity or
combined dystonia. The treatment effects of DBS and
BTX were judged as satisfactory by all patients and their
movement disorder neurologists. The study was
approved by the local medical ethics board (approval
number 08-246) and registered with the German Clinical
Trials Register (DRKS, Trial-ID 00003137). Written
informed consent was obtained from each participant per
the Declaration of Helsinki.
Experimental Design
Regional cerebral blood flow was measured using
H2
15O PET at rest and during an externally cued finger
tapping task, paced by a 1 Hz metronome that played
during both task and rest conditions. Patients with GPi-
DBS underwent 2 scanning sessions, 1 in the ON state
and 1 after 12 hours OFF DBS. In each session, 3 rCBF-
PET scans were recorded per condition, resulting in
6 scans per session, and their order was fixed but
appeared randomized to the patient.
Tapping was performed with the index finger of the
unaffected hand if patients had cervico-brachial dysto-
nia. In some patients with focal cervical dystonia, the
neck muscles were more hyperactive on 1 side than on
the other, thus a more affected side could be determined
(see Table 1), and the hand of the less affected side was
used for tapping. If a more affected side could not be
determined, tapping was performed with the right hand.
Based on these criteria, 9 patients (4 BTX, 5 DBS) used
their left hand, and the remaining 5 (4 BTX, 1 DBS)
used their right hand for the tapping task.
PET Image Acquisition
Imaging was performed on a CTI/Siemens ECAT
EXACT HR+ PET (Knoxville, TN) scanner using H2
15O
to trace cerebral blood flow. The participants lay com-
fortably in a supine position in the quiet and dimly lit
scanner room. A vacuum cushion was used to restrict
head movement. Following a transmission scan for atten-
uation correction, 370 megabecquerel (MBq) H2
15O
were injected; acquisition started after a commonly used
delay of 10 seconds after injection43,44 and continued for
60 seconds per scan, recording 47 slices consisting of
128 × 128 pixels (voxel size: 2.2 × 2.2 × 3.2 mm
x × y × z, dimensions: 128 × 128 × 47 voxels x × y × z).
Between scans, there was an 8-minute break before the
next injection. Patients’ behavior during scanning was
monitored visually by 2 people, and all participants per-
formed the task as instructed without notable amounts of
observable additional movement.
Data Processing and Analysis
The scans of patients who used their right hand in
the motor task were flipped along the x axis. Thus, the
hemispheres are referred to as ipsilateral and contralat-
eral to the hand used for tapping.
Preprocessing and statistical analyses were performed
in SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12).
The images from each session were realigned to their
mean image, and for DBS patients, the scans from DBS
ON and OFF sessions were then coregistered. Each
patient’s mean image was spatially normalized to MNI
space using the SPM PET template, adopting the tem-
plate’s resolution (voxel size 2 mm cubic, dimensions:
91 × 109 × 91 voxels). The resulting transformation
was applied to individual scans. Finally, a Gaussian
smoothing kernel of 10 mm (full width at half maxi-
mum) was applied.
To create statistical parametric maps,45 a flexible fac-
torial design was set up in SPM12 with the factors
group, DBS, task, and subject, with 3 levels for DBS
(no DBS, ON state, and OFF state) and a DBS-by-task
interaction. An explicit mask was included to only con-
sider voxels inside the intracranial volume, and global
normalization by proportional grand mean scaling was
applied using default parameters. Global signals were
similar between groups. The same design was set up
with a subject-by-task interaction to visualize appropri-
ate motor activation in individual participants for qual-
ity control.
Motor activation (tapping > rest) was measured at the
participant and group levels, followed by between-group
analyses. To assess the effect of GPi-DBS on both resting
brain activity and task-associated activation, rCBF was
compared between groups (DBS ON vs. BTX; DBS
OFF vs. BTX) at rest and during finger tapping, and
DBS-by-task interactions (eg, BTX[tapping > rest] > DBS
OFF[tapping > rest]) were estimated. The results of task and
group comparisons are reported for P < 0.05, family-
wise error (FWE)–corrected at the peak level and a mini-
mum cluster size of 20 voxels; for interaction contrasts,
P < 0.05 with cluster-level FWE correction was consid-
ered significant. Regions were identified using the auto-
mated anatomical labeling atlas.46
Individual uptake values in peak voxels of significant
clusters detected by group comparisons were extracted
using the SPM toolbox MarsBaR (http://marsbar.
sourceforge.net/), and the values from the 3 scans per
condition per participant were averaged and plotted for
detection of potential outliers.
Results
Effect of Motion
For quality control, motor activation (contrast: tap-
ping > rest) was tested in individual participants for
each scanning session, confirming that every patient
showed activation of the sensorimotor cortex contralat-
eral to the hand performing the task. Peak SPM
632 Movement Disorders, Vol. 35, No. 4, 2020
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T values of individual SMC clusters detected in the
single-subject analysis are reported in Table 1.
Tapping-associated brain activity was then assessed
within each group and DBS state (BTXtapping > BTXrest;
ONtapping > ONrest; OFFtapping > OFFrest). At a thresh-
old of P < 0.05 (peak-level FWE corrected), both
groups showed highly significant activation of the con-
tralateral primary motor cortex and SMA, but only
FIG. 1. Effect of finger tapping. Motor activation in patients with botulinum toxin therapy (yellow), globus pallidus internus–deep brain stimulation OFF
(purple), and globus pallidus internus–deep brain stimulation ON (light blue) on an MNI space template. For cluster details, see Table 2.
TABLE 2. Motion-associated activation in each group
Group/DBS State Areas Activated
Cluster
Size, voxels
MNI Space Coordinates
Statistics
x y z z P
BTX Contralateral M1, S1, bilateral SMA 4365 38 −18 60 > 8 < 1 × 10−10
Ipsilateral cerebellar lobules 4–6, vermis 4–6 681 −24 −56 −24 7.81 5 × 10−10
Contralateral supramarginal gyrus, superior
temporal gyrus, rolandic operculum
163 58 −24 20 7.02 2 × 10−7
Ipsilateral frontal and rolandic operculum, insula 58 −48 6 4 5.70 4 × 10−4
Contralateral putamen, insula 33 36 0 2 5.59 0.001
Contralateral supramarginal gyrus 82 64 −36 34 5.46 0.001
Ipsilateral supramarginal gyrus, superior temporal gyrus 53 −62 −40 22 5.07 0.009
DBS OFF state Contralateral M1, S1 1163 42 −24 62 7.76 8 × 10−10
Contralateral SMA 22 10 −4 56 5.14 0.007
DBS ON state Contralateral M1, S1 974 42 −18 62 7.60 3 × 10−9
Ipsilateral SMA 119 −6 −6 66 6.07 5 × 10−5
Contralateral SMA 120 10 2 66 5.68 4 × 10−4
Motion-associated activation (taping > rest) in each group, separately for DBS ON and OFF states. BTX patients activated more regions during finger tapping than
patients with DBS. Peak-level FWE-corrected P values and clusters of ≥20 voxels are reported.
DBS, deep brain stimulation; BTX, botulinum toxin; SMA, supplementary motor area.
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patients with BTX additionally activated the ipsilateral
cerebellum, bilateral IPC (supramarginal gyrus), oper-
culum, superior temporal gyrus, and insula as well as
the contralateral putamen (see Fig. 1, Table 2).
Effect of GPi-DBS With Stimulation ON
and OFF
The DBS patients were compared with the BTX con-
trol group in the ON and OFF states, separately for the
2 conditions task and rest (eg, BTXrest > ONrest;
BTXtapping > OFFtapping; P < 0.05 peak-level FWE
corrected). The results are depicted in Figure 2 and
detailed in Table 3, and individual participants’ rCBF
in peak voxels of each cluster is plotted in Supplemen-
tary Figure S1, which demonstrates that none of the
results were primarily driven by outliers.
When resting rCBF was compared between DBS ON
and BTX, lower activity in several prefrontal regions was
observed in the DBS patients. These included the bilateral
ACC and dorsal medial prefrontal cortex as well as the
frontal pole, DLPFC, and triangular gyrus of the ipsilat-
eral hemisphere. Interestingly, the same regions were still
found when the BTX patients were compared with DBS
FIG. 2. Reduced rCBF in the ON and OFF state. Reductions in rCBF in the OFF state (purple) and ON state (light blue) were more similar at rest (A) than
during tapping (B). The group-by-task interaction (C) showed lower activation of SMC and MCC/SMA, which was significant only in the ON state. BTX,
botulinum toxin; MCC, middle cingulate cortex; rCBF, regional cerebral blood flow; SMA, supplementary motor area; SMC, primary sensorimotor
cortex.
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OFF at rest, with similar between-group statistics (see
Table 3). An area of significantly increased rCBF at rest
was only detected in the ON state, where a small region
in the mid-cingulate cortex (MCC) and SMA of the con-
tralateral hemisphere was more active (coordinates: 14
−12 44, z = 5.53, P = 0.001 peak-level FWE corrected,
28 voxels). Also at rest, in both the ON and OFF states,
increased ipsilateral cerebellar activity was noted but did
not reach the statistical threshold.
During finger tapping, DBS patients showed reduced
activity in the contralateral primary sensorimotor cortex
and ipsilateral IPC. Again, these reductions were still pre-
sent after DBS had been paused for 12 hours (see
Table 3). In contrast, other group differences observed in
the active condition were more dependent on DBS states:
activity in the precuneus was reduced during finger tap-
ping only with DBS ON, and only in the OFF state a
cluster in the ipsilateral thalamus was less active than in
BTX. The pattern of reduced prefrontal activity, which
was similar in ON and OFF states at rest, was almost
unchanged during finger tapping in the OFF state, but
less pronounced in the ON state (see Fig. 2 and Table 3).
No increase in activity was seen in DBS patients during
task execution.
When the ON and OFF states were compared directly
(eg, OFFrest < ONrest; P < 0.05 peak-level FWE
corrected), no significant differences were found.
Interaction Between Task and Group
The contrast BTX(tapping > rest) > DBS ON(tapping > rest)
revealed that tapping-associated rCBF increases in the
SMC, MCC, and SMA were higher in the BTX patients
(see Fig. 2C; statistics [cluster-level FWE corrected]:
TABLE 3. Regions with decreased rCBF in DBS
Region/Contrast BTX > OFF (Rest) BTX > ON (Rest) BTX > OFF (Tapping) BTX > ON (Tapping)
Ipsilateral triangular gyrus −42 26 0
z = 5.82
P < 0.001
69 voxels
−42 26 0
z = 5.18
P = 0.005
21 voxels
−42 26 0
z = 6.00
P < 0.001
94 voxels
Ipsilateral frontal pole −28 64 6
z = 5.41
P = 0.002
58 voxels
−26 68 6
z = 5.57
P = 0.001
66 voxels
−28 62 4
z = 5.64
P = 0.001
78 voxels
−28 66 2
z = 5.27
P = 0.003
23 voxels
Ipsilateral DLPFC −26 36 46
z = 5.25
P = 0.006
52 voxels
−26 40 42
z = 5.46
P = 0.001
159 voxels
−26 48 30
z = 6.06
P < 0.001
140 voxels
Bilateral dorsal mPFCa 4 36 40
z = 5.15
P = 0.004
196 voxels
4 30 44
z = 5.43
P = 0.002
112 voxels
−12 32 56
z = 5.10
P = 0.008
69 voxels
Bilateral ACC 2 28 0
z = 5.28
P = 0.003
67 voxels
−4 30 4
z = 5.70
P < 0.001
71 voxels
4 30 0
z = 5.86
P < 0.001
187 voxels
0 26 14
z = 5.21
P = 0.005
38 voxels
Ipsilateral thalamus −8 0 2
z = 5.05
P = 0.010
34 voxels
Ipsilateral precuneus −14 −68 34
z = 5.28
P = 0.003
24 voxels
Ipsilateral IPC −52 −50 32
z = 5.10
P = 0.008
22 voxels
−52 −48 30
z = 5.83
P < 0.001
111 voxels
Contralateral SMC 34 −36 72
z = 5.50
P = 0.001
52 voxels
38 −34 70
z = 5.43
P = 0.002
58 voxels
MNI space coordinates (x y z), z score, peak-level family-wise error–corrected P value and number of voxels of significant clusters.
aIn the contrast BTXtapping > OFFtapping this cluster was ipsilateral and included the superior frontal gyrus.
rCBF, regional cerebral blood flow; DBS, deep brain stimulation; BTX, botulinum toxin; DLPFC, dorsolateral prefrontal cortex; mPFC, medial prefrontal cortex;
ACC, anterior cingulate cortex; IPC, inferior parietal cortex; SMC, primary sensorimotor cortex.
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SMC coordinates: 36 −28 62, z = 4.76, P = 0.006,
421 voxels; MCC/SMA coordinates: 10 −16
46, z = 5.08, P = 0.003, 475 voxels). The group-by-task
interaction was only significant in the ON state. In the
OFF state, similar clusters were found in the same
regions, but the effect was weaker and did not survive
correction for multiple comparisons. Individual partici-
pants’ rCBF in peak voxels of clusters resulting from
the interaction contrast are plotted in Figure 2C.
Discussion
Focal or segmental dystonia patients with long-term
GPi-DBS and BTX treatment were directly compared
for the first time in this study, revealing differences in
brain activity between 2 effective treatment methods for
the same disorder. DBS patients showed lower rCBF in
sensorimotor areas (SMC, IPC) and recruited fewer
regions during the performance of a simple motor task
than BTX patients. In addition, several prefrontal areas,
including the ACC, were less active in DBS. As dis-
cussed in the following sections, these results suggest
that long-term GPi-DBS in focal and segmental isolated
dystonia affects rCBF in a similar fashion as previously
reported in other forms of dystonia and reduces
pathological dystonia-related activity, potentially by
reorganizing cortico-subcortical circuits.
Normalization of Sensorimotor Cortical
Activation
Our data revealed reduced rCBF in DBS patients dur-
ing finger tapping in the primary sensorimotor cortex
when compared with the non-DBS (BTX) control group
in both ON and OFF states. In the DBS ON state, a
group-by-task interaction showed attenuated task-
associated activation, which was not seen in the OFF
state. Sensorimotor cortex hyperactivity is often seen in
dystonia, as suggested by findings of increased
metabolism,47 blood flow,17,19 task-related activation,21
loss of inhibition, and increased neural plasticity.48,49
Bilateral GPi-DBS for dystonia has previously been asso-
ciated with decreased task-related motor cortex activa-
tion3,37 and rCBF at rest, when active stimulation
(ON) was compared with the DBS OFF state.3,4,25
The inferior parietal cortex, a widely connected net-
work hub that integrates multimodal information,21
showed reduced activity during finger tapping ipsilat-
eral to the moving hand in GPi-DBS. The IPC, too, is
hyperactive in dystonia,17,21,25,26 suggesting a normal-
ized level of activity is induced by long-term GPi-DBS
for focal and segmental dystonia, as was previously
described in generalized dystonia.25 In healthy partici-
pants, stimulation of the IPC elicits an unspecific inten-
tion to move,50 highlighting its relevance for motion
preparation, which is assumed to be disturbed in
dystonia.25,51
The MCC/SMA cluster was the only region with
increased activity in GPi-DBS in this study, whereas
task-related activation (ie, group–task interaction) in
the same area was reduced. The mentioned meta-analy-
sis21 found that task activation was increased in MCC
while a closely neighboring SMA cluster showed
decreased activation when only patients with focal or
segmental dystonia were included. Previous investiga-
tions of GPi-DBS in acquired dystonia reported reduced
SMA activity at rest,3,4 whereas in primary dystonia
lower task-induced activation was mentioned in a case
report and a pilot study.11,37
GPi-DBS Reduces Activity in a Prefrontal
Network
Patients with GPi-DBS showed markedly reduced
rCBF in the bilateral ACC and dorsal medial prefron-
tal cortex as well as the ipsilateral DLPFC, triangular
gyrus, and frontal pole when compared with patients
with BTX therapy. Increased activity in several of
these regions has repeatedly been associated with
dystonia,17,18,26 and a reduction of resting activ-
ity3,4,38 or task activation11,25,37 to more physiological
levels in several prefrontal regions were reported
before in GPi-DBS. In contrast to previous studies,
group differences in this prefrontal network at rest
remained unchanged after DBS was discontinued and
during the tapping task were even more pronounced
than in the ON state (see Table 3 and Fig. 2).
Nonmotor symptoms of dystonia and neuropsychiat-
ric comorbidity have recently received increasing inter-
est.16,52-54 Depression and anxiety are among the most
frequent comorbidities, and it has been pointed out that
brain regions associated with these conditions, includ-
ing the ACC and DLPFC, also have been implicated in
dystonia.16 Interactions between sensorimotor and lim-
bic networks have been suspected as a possible link.55
Particularly the anterior cingulate gyrus, which previ-
ously showed hypermetabolism,27 increased blood
flow,18,26 and motor task-related activation56 in dysto-
nia, is highly involved in the processing of aversive
stimuli, emotion regulation, and associated cognitive
functions.57-59 The association of neuroimaging find-
ings with neuropsychiatric symptoms in dystonia has
not been studied much, but in writer’s cramp, the ACC
was more responsive to negative feedback than in con-
trols.60 A trend for reduced anxiety after GPi-DBS was
reported in several studies, but improvements were not
statistically significant.2,61,62 The dorsolateral prefron-
tal cortex plays a role in self-initiated movements63 and
cognitive control of motor behavior64 in healthy con-
trols; however, these functions are mainly right
lateralized, whereas as a result of flipping hemispheres
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were mixed in the present study, therefore no final con-
clusions about the functional implications of reduced
DLPFC activity in GPi-DBS can be drawn. The triangu-
lar gyrus also has side-specific functions (eg, Broca’s
area on the left hemisphere65), which cannot be related
to the results of this study. Interestingly, a very similar
prefrontal network, along with the IPC, was found in a
meta-analysis of activations in go/no-go tasks.66 One
study reported postoperatively impaired Stroop test
performance as an isolated cognitive change,67 but
reviews concluded that cognition is normal in dystonia
before16 and after GPi-DBS.53
Long-Term Effects of GPi-DBS in Dystonia
In this study, effects of DBS, including changes in pri-
mary sensorimotor as well as higher order association
areas, were generally still present after 12 hours DBS
OFF. This observation is in contrast to previous imaging
studies in GPi-DBS, where the effects were detected by
comparing DBS ON and OFF states, whereas significant
differences between GPi-DBS ON and OFF were not
found in this cohort of focal and segmental dystonia
patients. Possible reasons for this discrepancy may be
related to (1) the extent of clinical symptoms, as the
majority of previous findings were obtained in patients
with generalized dystonia; (2) the fact that the examined
hand was not affected by dystonia in our study; or (3) the
time elapsed since DBS implantation. The longest previ-
ously reported average time since DBS surgery was
13 months38 compared with 22 months on average in the
present study. Stability in the OFF state may still increase
after a long period of effective DBS, as suggested by stud-
ies reporting long-term follow-up after 3 years and
later.5,34,36,68 An influence of DBS duration34,69 has been
reported, and in an extended (48 hours) OFF state, the
symptoms were related to changed cortical inhibition and
plasticity.69 After years of treatment, some patients
remained clinically stable for a long time, in 1 case longer
than 1 year.70,71 The presence or absence of dystonia in
the hand used for task execution may be relevant particu-
larly concerning the differences found in sensorimotor
activation.33
Although the effects of GPi-DBS on rCBF were rela-
tively stable for 12 hours after stimulation was discon-
tinued, there were signs of a slow reversal, particularly
in motor regions. Significantly increased SMA activity
at rest and group-by-task interaction of reduced
tapping-related SMC activation were only found in the
ON state, but did not reach significance with DBS OFF.
Accordingly, peak rCBF values of clusters in SMC (tap-
ping) and MCC/SMA (rest) extracted from OFF-state
scans were in between those observed in the ON state
and BTX (see Fig. 2C). Decreased rCBF in the IPC dur-
ing tapping was still present, but the effect was weaker
in the OFF state. These findings imply that after a
longer duration OFF DBS, the observed changes in sen-
sorimotor activity may disappear.
Strengths and Limitations
Overall, this study sheds new light on the effects of
GPi-DBS in idiopathic focal and segmental dystonia.
However, there are some methodological issues to con-
sider. Although the patients in both groups had similar
symptom severity and responded well to their respective
treatments, this could only be judged by the distribution
of symptoms and the clinical impression of movement
disorder neurologists because Burke-Fahn-Marsden Dys-
tonia Rating Scale scores were not available for the BTX
patients. Healthy controls were not included because of
ethical considerations. Nevertheless, the observed deacti-
vation of the SMC, which was more pronounced in the
ON state, strongly suggests a reduction of dystonia-
related hyperactivity, which most likely underlies the
improvement of dystonic symptoms due to GPi-DBS.
The number of participants was limited; however, exis-
ting PET imaging studies of DBS for dystonia have
included between 1 and 6 DBS patients. To our knowl-
edge, this is the first study dedicated to investigating the
effect of GPi-DBS in isolated focal and segmental dysto-
nia, providing valuable new insights into the mechanisms
of GPi-DBS. An unaffected hand was examined to detect
the direct effects of DBS on brain function while eliminat-
ing putative confounding effects of altered muscle
activity.
The inclusion of a dystonic control group without DBS
as implemented here constitutes a new approach in this
line of research, whereas previous studies generally
assumed that the OFF state represented the absence of
DBS, thus not accounting for possible long-term effects.
This was particularly relevant in our study because of the
longer duration of DBS therapy.
Outlook
Future investigations could compare patients with
different durations of DBS treatment, ideally in a longi-
tudinal design starting with a presurgical scan. Multi-
centric approaches and data-sharing initiatives should
be prioritized to increase sample sizes. The recurring
findings of prefrontal alterations in dystonia require
further research, in particular concerning their associa-
tion with nonmotor symptoms and their contribution
to the effect of GPi-DBS.
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